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Abstract 
Ecological Engineering (EE) in mining waste restoration aims to apply knowledge of natural biological systems known to be 
present on rocks or minerals, and in sediments to practically and beneficially achieve human and industrial objectives in a natural 
self-sustaining way. 
Omitting or discarding ecological processes in the engineering of the mine waste management areas severely prolongs the 
longevity of current mining practices, when chemical treatment must be provided for hundreds of years. The potential biological 
controls on contaminant generation and the biological strategies available to reverse sulphide oxidation in mine wastes provide 
pathways toward less expensive, more energy-efficient and ecologically more acceptable strategies for mine waste management. 
The application of EE to mining has been demonstrated in several field projects and numerous publications, where the relevant 
bio-mineralization processes have been well-documented. Unfortunately, the EE approach has not been widely accepted, not 
because of its lack of a scientific foundation or successful implementation, but due to the challenge of effectively communicating 
the importance of ecosystem function and the associated geochemical and biological processes to the engineering fraternity. The 
mining industry needs to adapt to the values and aims of contemporary environmental engineering, to develop systems, 
structures, methods, tools and infrastructures to protect human and environmental health. 
The progress made in our EE projects has been brought about through the enhancement of ecosystem function. We will here 
briefly describe the transformation of an acid mine drainage dump into a productive, biologically-active polishing lake. 
Keywords: acid mine drainage; biological polishing; ecosystem forcing functions; metallic magnesium scrap; mine waste water restoration; 
phosphate mining wastes 
1. Introduction 
The production of acid mine drainage (AMD) is a natural result of the oxidation of pyrites left in waste rock and 
tailings. This oxidation process can be accelerated by chemo-lithotrophic bacteria that colonize biofilms on the 
wastes. The application of ecological engineering (EE) to the waste management area, counteracts oxidation 
processes by selectively augmenting reducing conditions that are able to halt oxidation and move the local, disturbed 
ecosystems toward a more balanced condition. 
The construction of engineered, chemical treatment plants to ‘clean’ the acid mine drainage before it enters the 
surrounding ecosystems does not address the contaminant generation process. Such treatment plants require 
maintenance and chemicals, and produce a voluminous, unstable sludge that requires further disposal. The chemical 
treatment of the effluent is useful until the ecological processes are fully established within the waste management 
area and effluents can be discharged without harm to the receiving environment. This paper presents arguments for 
using EE to remediate mine waste management areas, and details some of the natural processes that can be 
implemented to support ecosystem development.  
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Acid mine drainage contains elevated metals specific to the mineralogy of the ore extracted. The removal of these 
contaminants from the AMD to the sediment is brought about through adsorption to free-floating biomass or 
phytoplankton and suspended inorganic solids. Inorganic particles originate from erosion of the mine walls. They 
can be supplemented with windblown particles from the surrounding terrestrial mine waste management area. 
Phytoplankton and inorganic solids aggregate to form particulate suspended matter. As the particulates increase in 
size, they sink to the lake bottom providing the needed organic nutrition for microbial consortia that maintain redox 
conditions favorable to the transformation of metals in the newly-forming sediments [1]. In this way, metals are 
captured in the water column and transported to the sediments where they are transformed back into bio-minerals, 
possibly into ores [2,3]. 
In most AMD impacted lakes and streams, a sediment needs to be initially constructed by importing recalcitrant 
organic material such as alfalfa, hay, woody peat muskeg, sugar cane wastes etc. Biofilms colonize these structural, 
slowly-degrading organic surfaces, utilizing the degraded carbon fraction for growth. The on-going supply of easily 
degradable carbon is then provided by phytoplankton and periphyton growth. The sinking organic and inorganic 
particulates consolidate the newly-forming sediments, establishing reducing conditions and supporting the 
biogeochemical activities described above. These natural water cleansing processes are derived from basic 
limnological principles [4,5]. 
Natural, biological water-cleansing processes have been termed ‘biological polishing’, since ‘polishing’ refers to 
the general term for the removal (by flocculation) of particulates from waste water. With biological polishing, 
phytoplankton, picoplankton, periphyton and microbial populations perform the flocculating / aggregating function. 
A summary of a case study provides insight into the interactions of these processes as they were tested in the field at 
a mine site in northern Ontario, Canada, described in more detail [6]. 
2. South Bay Site Description 
 
Fig. 1. South Bay Mine site and Boomerang Lake 
The South Bay Mine produced copper and zinc from 1972 to 1986, 85 km northeast of Ear Falls, located on a 
peninsula surrounded by Confederation Lake in northern Ontario, Canada. After the mine closure in 1981, the owner 
was required to treat the effluent, and was considering a chemical treatment plant. However, geochemical 
calculations based on the inventory of sulphides in the tailings (45 % pyrite and 5 % pyrrhotite) suggested that such 
a treatment plant would need to be operated (at the present oxidation rate) for 1,000 to 35,000 years [7]. Instead, 
with approval of the regulators, the area became an R&D test site, to decommission the mine wastes using the 
concepts of EE. The only requirement was that no effluent from the waste management area leave the already 
contaminated peninsula to the pristine lake surrounding it. The 75-ha mine waste management area on the peninsula 
contains the mine site (50 ha), tailings (23 ha), and two lakes, Mud lake and Boomerang Lake (Fig. 1). 
Boomerang Lake (1Mm3) was to become the recipient of metal-laden effluent flow from the underground 
workings and ground water seepages from the tailings deposit. Metal loadings to the lake between 1987 and 2002 
were estimated at 4.5 t of Cu, 1,085 t of Fe and 287 t of Zn. Within the lake, a biological polishing system was 
established to remove iron and metals from the water to an underwater meadow and the sediments. If contaminants 
are contained within the lake, the adjacent oligotrophic fishing lake on the Canadian Shield is protected.
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3. Ecological Engineering Processes 
Boomerang Lake was developed as a biological polishing treatment system, where the project objectives were to: 
1) enhance the existing periphyton and phytoplankton growth to provide a growing surface area for the adsorption of 
contaminants; 2) establish an oxygen-consuming cover over the iron-rich sediments to prevent physical iron particle 
cycling and encourage reducing conditions at the sediment surface; and 3) counteract the decreasing pH trend of the 
lake without affecting the indigenous acid-tolerant biota in the water. The three objectives were achieved gradually, 
each measure implemented after one or two years of smaller scale testing in the lake. All R&D tests and the results 
for the entire site are found at the Boojum web site or at the ‘Mining and the Environment database’ in the 
Laurentian University library [8].
Periphyton populations in the lake occurred on deadfall trees and rocks in the shallower areas of the lake. These 
periphyton mats were composed of diatoms, moss, filamentous algae and inorganic precipitates. The mats only 
contained about 35% organic matter, based on ash weights [9]. The inorganic fraction was composed of 20% iron, 
1.8% sulphur, and 0.4% zinc on a dry weight basis [9]. These concentrations suggested that, if the periphyton and 
phytoplankton populations could be increased, so would the removal (sequestration) of contaminants. By providing 
the necessary nutrients and growth substrates the biological polishing capacity of the lake could be expanded. 
Spruce brush additions (branches, leaves and needles) between 1989 and 1995 were estimated to provide 640 ha 
to the surface area available for periphyton colonization. Experimentation between 1991 and 1992 with slow-release 
fertilizer suspended in net bags in the lake suggested that the periphytic mats grew well on added brush, and faster 
when nutrients were applied in the form of slow-release fertilizer [10]. At a nutrient-enhanced growth rate of 450 
g(dw) m-2.yr-1 or about 2880 dry tonnes of periphyton with precipitates could grow in the lake each year. 
Phosphate mining wastes (Natural Phosphate Rock, NPR), which contained carbonates, were tested as a fertilizer, 
as means to precipitate iron (as iron phosphate) in the surface sediments, and buffer the lake water. While phosphate 
has been studied extensively as a limiting nutrient in freshwater environments [4], the use of phosphate mining 
wastes (NPR) in acid mine drainage was tested on coal wastes by Renton et al. [11]. Phosphate is not known to react 
with reduced iron [12], but forms stable precipitates with oxidized iron [13]. Lab scale and mesocosm studies in the 
lake suggested that NPR additions to Boomerang Lake would provide the nutrients, buffering, and precipitation 
effects that were needed. 
It was expected that the phosphorus would react with the iron being oxidized in the spring after ice break up. So, 
between 1993 and 1995, 162 tonnes of NPR were added to the lake from barges. The NPR particles remained 
suspended in the water column for less than 8 h, before all particles had sunk to the sediments. Hence, there was no 
measurable effect on the whole lake pH. These additions, however, contributed significantly to the inorganic carbon 
(from the carbonates) and alkalinity at the sediment surface, and precipitated much of the oxidized iron, resulting in 
an almost tripling of the iron-bound particulates by 1997. The high iron content of the sediments, along with the 
reducing conditions under the moss, provided a stable sink for iron phosphates as shown by Hupfer et al. [14]. The 
underwater meadow expanded rapidly after fertilization. This suggested that the spread of the introduced moss was 
phosphate limited, as documented by Simmons et al. [15]. 
However, due to the large input of iron from underground workings effluent, a gradual but continuous 
consumption of hydrogen ions was needed to counter the decreasing pH trend. Raising the pH would not only 
prevent further iron precipitation, but increase inorganic carbon, increasing phytoplankton growth. 
To abruptly raise the pH of the whole lake with lime was out of the question, since the existing emerging 
ecosystem would have been exposed to a sudden pH shock, which would likely have been detrimental to the 
emerging ecosystems. Further, the resulting hydroxide sludge would have covered the underwater meadow, 
reducing light penetration and growth. Liming of the lake was practiced occasionally during mining operations to 
counteract severe spills, but the effects were very short-lived. Adding milk of lime (calcium hydroxide) to the snow, 
to produce an alkaline input to the lake during snow melt was considered a possibility. When tested, however, lime 
granules formed, but remained on land. The corrosion of metallic magnesium, splits water, evolves hydrogen, and 
produces hydroxyl ions, which should have raised pH. 
After a year of small scale tests in the laboratory and the field, 4.6 tons of scrap magnesium metal were 
suspended on barges in Boomerang Lake over the winter 1998/1999. A slight increase in the pH was gradually 
noticed, although once, in the barge under the ice cover, a pH value of 8 was recorded. Although the scrap took 6 
years to dissolve, zinc concentrations in the lake almost immediately started to decline (Fig. 2a). 
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It was initially assumed that a simple corrosion reaction took place, but analyses of the encrusted material around 
the corrosion pit indicated that the reaction mechanisms in the mixed medium of acid mine drainage were far more 
complex than anticipated. The stability of the metal carbonates in the encrustments was most striking, as they were 
expected to dissolve in the acid water. Tests with 0.1 N sulphuric acid released no carbon dioxide. 
4. Results 
The pH in Boomerang Lake dropped gradually from about 6.3 in 1979, to 4.5 in l986, when the project began 
(Fig. 2b). In 1986 when the project started, zinc concentrations were in the range of 5-8 mg L-1 (Fig. 2a). Zinc 
loading increased over the next 10 years from an original estimate of 5 t yr-1 to 20 t yr-1. Iron loadings also more 
than doubled from about 28 t yr-1 to 80 t yr-1. The increased loadings were due to construction of a tailings diversion 
ditch in 1989, release of highly contaminated water from the mill pond in 1994, and, in 1995, the construction of 
another diversion ditch to accommodate the effluents which emerged from the underground workings. The 
diversions prevented effluents from entering Confederation Lake. The underground had been allowed to flood 
naturally since 1981 [16]. Previous metal loadings to Boomerang Lake were estimated from surface drainages and 
upwelling groundwater from the tailings. 
The lake sediments were covered with a thick layer of iron hydroxide and void of any emergent aquatic 
vegetation. Further, iron hydroxides covered not only the sediment, but also every submerged surface, (e.g. shore 
rocks, deadfall brush) in the lake. Iron particulates are generally below 1 μm in size and remain suspended in the 
water column for some time [17]. They adhere easily to any surface, producing the characteristic brown staining of 
mine water affected areas. 
Sedimentation traps in the lake collected orders of magnitude more iron than was estimated to enter the lake from 
the identified contaminant sources [18], as iron was recycled from the sediment during spring and fall lake turnover. 
Iron precipitates form solid particles of iron hydroxide, a transformation associated with hydrogen ion formation, 
which leads to further acidification [19,20]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) Zn concentrations and (b) pH in Boomerang Lake over the project life 
 
Periphyton accounted for 42%, but phytoplankton and inorganic particulates for 56% of the total removal, 
suggesting that phytoplankton and inorganic particulates are likely the major component of the biological polishing 
process. This is reasonable since the sequestration is primarily through adsorption onto particulate surfaces, and 
phytoplankton-particulates have a high surface to volume ratio providing a large number of nucleation sites [21]. 
 In 2000, water samples were collected at the sediment surface under the moss, and in the open water column. The 
combined effect of magnesium, phosphate rock waste, periphyton and moss produced a small but consistently 
measurable pH difference of about 0.2 units (bottom higher). However, the iron and sulphur concentrations, and 
acidity were all lower at the sediment surface by 3.4 mg.L-1, 70 mg.L-1. 460 meq. CaCO3 L-1, respectively. 
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Fig. 3. Photographs of Boomerang Lake outflow area in 1992, 1998, and 2006. 
Note the increase in biological diversity and biomass with time 
 In 2006, the extensive biomass in Boomerang Lake likely added significant particulates to the water column for 
metal sequestration (Fig. 3). The extensive vegetation growth in a nearby diversion ditch also probably assisted in 
reducing the amount of iron-hydroxide particles entering the lake. Although no measurements could be carried out, 
these pictures suggest that the biological polishing (biota) capacity is maturing. 
5. Discussion
The cumulative costs of the R&D between 1986 and 2004 were $CAD 2.2 million over about 18 years, with a 
large fraction of these funds expended on the hydrological investigations. Total natural stable iron metal sludge 
production is estimated about 30 m3 on the surface from the underground effluents. The costs of a conventional 
treatment plant would have far exceeded the R&D cost. In 1988, the conventional treatment costs were estimated at 
$CAD 2.5 million in capital and $CAD 0.35 million annual operating costs. The estimated production of unstable 
neutralization sludge from chemical treatment plant ranged between 1,200 and 3,000 m3 per year. 
Using applications of EE, we have been able to 1) contain the AMD from entering Confederation Lake, stabilize 
the pH and [Zn] in Boomerang Lake, and 3) enhance the diversity and ecosystem function in the waste management 
area. The regulators approved the water quality entering Confederation Lake throughout the length of the project, 
which ended in 2001. The EE methods, however, do take time to fully develop as ecosystems are not created over 
night. Mine managers and regulators with patience and a long-term outlook can promote EE methodology to 
produce a ‘walk-away’ solutions to the remediation of mine waste management areas. We have demonstrated this 
with the work at South Bay. Convincing other mining companies and engineering fraternity of the efficacy of EE, 
however, has been an uphill battle. Hopefully, this work will demonstrate the function these systems, structures, 
methods, tools and infrastructures can provide toward sustainability and assist in protecting human and 
environmental health, threatened by the oxidation of mining wastes. 
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